Abstract-The effects of contaminants on multispecies interactions can be difficult to predict. The herbicide atrazine is commonly used in North America for corn crops, runs off into wetlands, and has been implicated in the increasing susceptibility of larval frogs to trematode parasites. Using experimental challenges with free-living stages of trematodes (cercariae), it was found that Rana sylvatica tadpoles exposed to 30 g/L of atrazine had significantly higher intensity of parasitism than did larval frogs either not exposed or exposed to 3 g/L of atrazine. This result could not be explained by high concentrations of atrazine diminishing antiparasite behavior of tadpoles. Furthermore, when tadpoles and cercariae both were exposed to the same concentration of atrazine, either 3 or 30 g/L, the abundance of formed cysts was not different from the condition in which both were housed at 0 g/L of atrazine. Atrazine appears to be debilitating to both free-living cercariae and tadpoles. Studies examining relations between parasitism and contaminant levels must account for such combined effects as well as influences on other interacting species (e.g., first intermediate snail hosts).
INTRODUCTION
Researchers can arrive at different conclusions about the impacts of environmentally relevant concentrations of particular contaminants on species assemblages; this is particularly so when multispecies interactions are examined [1] . The confusion may stem, in part, from differences in how the various species are affected by environmentally relevant concentrations of the same contaminant(s). For example, the pesticide carbaryl affects behavior of larval frogs, making tadpoles more susceptible to predators. Carbaryl also, however, diminishes the hunting activity by newt predators of tadpoles. As such, carbaryl has no net effect on tadpole predation when both predator and prey are exposed to the same concentration [2] . Similarly, effects of contaminants on other multispecies associations, such as host-parasite, competitive, or mutualistic associations, should be difficult to predict a priori, because overall effects will depend on the similarity or variability of species' responses to a common contaminant.
The importance of environmental contaminants to larval amphibians or tadpoles has received much recent attention. Contaminants may play a role in the worldwide declines in amphibian populations [3] and have been implicated in highprofile reports on increased incidence of limb and skeletal deformities in amphibian metamorphs and adults [4] . The digenetic trematode Ribeiroia ondatrae can cause limb malformations of amphibians [5] , and Kiesecker [4] explained such results by demonstrating that experimental exposure of tadpoles to certain pesticides results in reduced host immunocompetency and increased prevalence of both R. ondatrae and Telorchis spp. trematodes.
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Such experimental studies are further supported by field observations. Researchers have reported a higher prevalence of trematode infection in tadpoles from sites receiving agricultural runoff [4, 6] . These data have been used to argue that the susceptibility of larval amphibians is increased by the action of contaminants, notably the herbicide atrazine. For example, contaminants may reduce rates of leukocyte production [4] or mobilization against macroparasites. It also is possible that contaminants reduce behavioral responses to parasites and, by reducing such first-line defenses, act to increase overall levels of parasitism. Several other factors are expected to reduce antiparasite behavior of larval frogs [7] . To our knowledge, however, the effects of contaminants on antiparasite behavior of larval amphibians have not been investigated. One objective of the present study was to explore that effect of a commercially available herbicide, atrazine, on antiparasite responses of larval frogs.
These second intermediate amphibian hosts often are the focus of studies of contaminant effects. Overall infection patterns for larval frogs exposed to contaminants in the field, however, may not reflect the effects of contaminants on physiological or behavioral responses of tadpoles to parasites, as shown in the laboratory. Parasite stages also are susceptible to a variety of abiotic factors [8, 9] , and to more fully understand the influence of contaminants on infections in the field, studies need to go beyond the traditional host-centered approach by examining how contaminants influence the ability of parasites to challenge their hosts.
In an effort to provide a more inclusive view of how contaminants influence host parasitism, the effects of an herbicide on two species in an important host-parasite association were studied: The trematode Echinostoma trivolvis, and its second intermediate hosts, tadpoles of the wood frog (Rana sylvatica). Our earlier work [10] showed that an atrazine concentration of 20 g/L decreased the infectivity of E. trivolvis cercariae to green frog (Rana clamitans) tadpoles. Furthermore, a concentration of 200 g/L decreased longevity of the cercariae housed alone, without second intermediate hosts being present. These previous studies suggest that when both hosts and cercariae are exposed to high levels of contaminants, we need not expect increased parasitism. To our knowledge, however, this problem has not yet been addressed in actual studies.
The present study examined the relative importance of environmentally relevant concentrations of atrazine on trematode cercariae versus tadpole defense against infection. We first investigated whether tadpoles exposed to 0, 3, or 30 g/L of atrazine had different levels of susceptibility to establishment of trematode cysts from cercariae held under an atrazine-free condition to replicate previous work [4] . Then, tadpoles exposed to 3 or 30 g/L of atrazine were additionally challenged with cercariae exposed to the same concentrations as the hosts.
Whether antiparasite behavior of larval frogs was diminished at high levels of atrazine also was examined by allowing exposure to control cercariae. The purpose was to determine whether increased susceptibility to parasitism following contaminant exposure might be explained by tadpoles showing diminished behavioral responses rather than diminished physiological responses. We previously found that tadpoles respond to cercariae by initiating antiparasite behaviors [11] and that a reduction in tadpole activity significantly affects infection.
The primary objectives of the present study were to confirm whether reduced defense of tadpole hosts to trematodes can occur with exposure to atrazine and to determine if such reductions are behaviorally mediated. Furthermore, the present study aimed to determine, if atrazine exposure increases susceptibility to parasitism, whether this only happens with control cercariae given that reduced longevity and/or infectivity of cercariae exposed to atrazine also occurs. Our experiments emphasize the importance of considering the influence of contaminants on free-living stages of parasites in addressing how environmental degradation may relate to host parasitism.
MATERIALS AND METHODS

Parasite life cycle
Following release from the first intermediate host (an aquatic gastropod), short-lived cercariae of trematodes may succeed in penetrating a second intermediate host (in this case, a tadpole). Cercariae that successfully establish in the second intermediate host develop into cysts (metacercariae) that will develop into adult worms in the definitive host (an aquatic bird for E. trivolvis) after ingestion of infected tadpoles [12] .
Solution preparation
Test solutions of atrazine were prepared from the liquid, commercial-grade herbicide AAtrex (Syngenta, Mississauga, ON, Canada), containing 40.8% active atrazine. Commercialgrade atrazine was chosen to reflect compounds that would be found in the field. Test solutions were prepared by diluting the commercial mixture with dechlorinated tap water (pH 7.3) to obtain active atrazine concentrations of 3 and 30 g/L. Concentrations were chosen to include those used in a previous study of tadpole susceptibility [4] ; the control (0 g/L of atrazine) was dechlorinated tap water.
Collection and maintenance of tadpoles, snails, and cercariae
Portions of three R. sylvatica egg masses were collected from a pond near Casselman (ON, Canada; 45Њ19ЈN, 75Њ05ЈW) on April 11, 2005 ; hatched in the laboratory; and kept in aerated aquaria under a 14:10-h light:dark photoperiod at 24ЊC. The pond receives no agricultural runoff but has not been tested for contaminants. Tadpoles were fed vegetable flake fish food ad libitum. On August 5, 2005 , when tadpoles were approximately 12 weeks old (Gosner stage 28/29) [13] , 21 tadpoles were haphazardly assigned to be exposed to one of the three atrazine concentrations (63 tadpoles in total). Given the relatively low number of tadpoles available for exposure and the increased mortality in those infected by E. trivolvis early in development [14] , individuals at a more advanced developmental stage were chosen as a precaution against a large reduction in sample size. Tadpoles were kept singly for 31 d in 4-L plastic tubs, containing 1.8 L of test solutions, under a 14:10-h light:dark photoperiod at 21ЊC. Liquid in all tubs was completely replaced with freshly made solutions every 3 d and kept at the same temperature as the tadpoles (21ЊC).
Helisoma trivolvis snails were collected from a pond in Cambridge (ON, Canada; 43Њ06ЈN, 79Њ04ЈW) in mid-August, maintained in laboratory aquaria under a 14:10-h light:dark photoperiod at 21ЊC, and fed the same food as the tadpoles. This pond receives no agricultural runoff, and previous testing has failed to detect atrazine. To obtain cercariae, snails were put into small, plastic dishes of aerated pond water and placed approximately 30 cm away from 100-W incandescent lamps from 11:00 AM to 1:00 PM on the day of the experiment. Echinostoma trivolvis cercariae from several snails were pooled into a single container of pond water to control for variation in genotype, age, and condition. Only E. trivolvis cercariae shed from snails not infected with other species were used. Cercariae were identified using live specimens stained with 0.1% Nile blue sulfate (Sigma-Aldrich, Oakville, ON, Canada), as well as fixed specimens stained with Gower's acetic carmine stain, using a key to cercariae [15] and previous descriptions [12] . Cercariae appeared to be identical to specimens collected previously from this locality that were submitted to the permanent collection of the Canadian Museum of Nature [10] .
Experimental design and procedure
Five treatment combinations were used: Tadpoles maintained in 0, 3, or 30 g/L of atrazine and exposed to E. trivolvis cercariae kept free of atrazine; and tadpoles maintained in solutions of 3 or 30 g/L of atrazine but exposed to cercariae housed at the same concentration of 3 or 30 g/L of atrazine, respectively. Thus, treatments used were reflective either of what had been done in previous research or of what would likely occur in nature (i.e., tadpoles and cercariae would be exposed to the same atrazine solutions). To designate treatments, the following notation was used: Exposure of hostexposure of cercariae (e.g., ''30-0'' refers to host exposure to 30 g/L of atrazine and challenge by control cercariae in 0 g/L of atrazine).
On the morning of the experiment, each tadpole to be exposed to control cercariae was placed singly into a plastic cup containing 50 ml of dechlorinated tap water. At 1:00 PM, 160 cercariae were chosen from the pooled container and placed into a dish with 100 ml of dechlorinated tap water for 1 h, after which eight cercariae from this dish were added to each J. Koprivnikar et al. of the cups containing a tadpole (144 of the 160 control cercariae in total were used). We chose to expose tadpoles to eight cercariae based on the results of a previous study [10] in which a reduction in infectivity after atrazine exposure was detected using five cercariae. Because of tadpole mortality in each of the treatments before the experiment, six tadpoles from each of the three atrazine concentrations were exposed to control cercariae (18 tadpoles in total). Protocols were similar for the remaining two treatments where tadpole and cercarial exposure to atrazine concentration was matched, with all five treatments being carried out concurrently. Rather than being placed in 50 ml of dechlorinated tap water, however, each tadpole was placed singly into a plastic cup containing 50 ml of fresh liquid corresponding to the same treatment from the previous month of exposure. Cercariae to be exposed to atrazine were chosen from the container of pooled cercariae, and at 1:00 PM, 60 cercariae were placed into one of two dishes containing 100 ml of a solution of either 3 or 30 g/L of atrazine. Cercariae remained in the solutions for 1 h and were then transferred into the cups containing tadpoles, so each cup contained one tadpole and eight cercariae from the same atrazine concentration (96 of 120 cercariae in total were used). Six tadpoles were used for each of the two treatments in which atrazine exposure was matched.
For the behavioral assay aspect of the present study, five of the six tadpoles exposed to the three solutions and control cercariae were chosen and filmed for 5 min immediately before and after the addition of control cercariae. Tapes were reviewed, and the percentages of time that tadpoles were active were calculated based on whether the tadpole was swimming at 10-s intervals. These recordings were sufficient in a previous study to document antiparasite behavior of tadpoles [11] .
All tadpoles were exposed to cercariae for 18 h and then moved into 1 of 10 aquaria containing 2 L of dechlorinated tap water such that three tadpoles from the same treatment combination were kept together (two aquaria used per treatment). After 48 h, tadpoles were killed by immersion in a buffered solution of the anesthetic tricaine methanesulfonate (MS-222; Sigma-Aldrich), dissected, and immediately examined for cysts in the pronephros, mesonephros, and along the midline of the body using a dissecting microscope.
Statistical analyses
The effect of exposure to the three atrazine concentrations on tadpole mortality was examined with a 2 test. A 2 test also was used to assess the effects of all five treatments on the number of tadpoles infected by one or more cercariae (prevalence). After testing that parametric assumptions were met, a one-way analysis of variance (ANOVA) was used to test for a difference among the five treatments in mean cyst abundance (number of cysts from all tadpoles) and mean cyst intensity (number of cysts from infected tadpoles only), with post hoc comparisons between the control (treatment 0-0) and all other treatments performed with two-sided Dunnett t tests. Effects of atrazine concentration and cercarial presence on tadpole activity were analyzed using a two-way ANOVA after an arcsine square-root transformation [16] . All tests were performed with SPSS (Ver 13.0.1; Statistical Package for Social Sciences, Chicago, IL, USA).
RESULTS
Atrazine concentration had no effect on tadpole mortality, because 13, 15, and 16 of 21 tadpoles in solutions of 0, 3, and 30 g/L of atrazine, respectively, survived (61.9, 71.4, and 76.2% survivorship, respectively; 2 ϭ 1.055, p ϭ 0.59). Additionally, we found no significant difference in prevalence of infection among tadpoles exposed to different atrazine concentrations and control cercariae ( 2 ϭ 3.0, p ϭ 0.55). The power to detect any differences was compromised, however, by the fact that more than 20% of cells had expected frequencies of less than five tadpoles expected to be infected [14] . Four (66.7%) tadpoles from treatment 0-0 were infected, compared with three (50%), five (83.3%), three (50%), and five (83.3%) from treatments 3-0, 30-0, 3-3, and 30-30, respectively. In contrast, cyst abundance showed a significant difference among treatments (F 4,25 ϭ 3.423, p ϭ 0.023), with Dunnett post hoc t tests indicating a difference in cyst abundance between the control (0-0) and 30-0 treatments ( p ϭ 0.047) (Fig. 1) . Mean cyst intensity also differed among the treatments (F 4,15 ϭ 5.336, p ϭ 0.007) (Fig. 2) , with the main Fig. 3 . Proportion of time in a 5-min period spent active for tadpoles exposed to 0, 3, or 30 g/L of atrazine, with white and black bars indicating the absence (PϪ) or presence (Pϩ), respectively, of parasite cercariae (P) in 0 g/L of atrazine.
difference being found, again, between the 0-0 and 30-0 treatments ( p ϭ 0.018).
The presence of control cercariae affected tadpole activity (F 1,24 ϭ 4.5, p ϭ 0.045), whereas atrazine concentration did not affect tadpole activity (F 2,24 ϭ 0.2, p ϭ 0.810) (Fig. 3) . No interaction was found between effects of cercariae and atrazine (F 2,24 ϭ 0.1, p ϭ 0.931).
DISCUSSION
The principal finding of the present study was that susceptibility of wood frog tadpoles to infection by E. trivolvis is increased only when hosts are exposed to an atrazine concentration of 30 g/L and not to 3 g/L. Antiparasite behavior likely plays a role in tadpole infection by trematodes [7] , with decreases in activity resulting in increased infection [11] . We did not detect any effect of atrazine on tadpole behavior, however, because tadpoles in all treatments showed similar increases in activity when exposed to cercariae. This suggests that the effect of atrazine on susceptibility to trematodes as seen here may not be mediated behaviorally by immediate responses to cercariae but, rather, by physiological means, such as immunocompetence. In the field, suppression of other behaviors, such as cercarial avoidance, may be significant and warrant investigation. We attempted to compare leukocyte counts among tadpoles but were unable to obtain a sufficient number of blood films for analysis; nevertheless, alterations of tadpole immunity, as reported previously [4] , likely contributed to increased host susceptibility to E. trivolvis infection.
These results for tadpole susceptibility to trematodes following exposure to atrazine differ somewhat from those of Kiesecker [4] , who found that wood frog tadpole susceptibility to Ribeiroia and Telorchis spp. was increased by host exposure to both 3 and 30 g/L of atrazine. We only report effects at a level (30 g/L) that is greater than the maximum level (3 g/L) allowed in drinking water but that is within the range of environmentally realistic concentrations [17] . Several explanations are possible for these differing results. Primarily, the sample sizes used here may have been insufficient to detect a difference in susceptibility at the 3 g/L concentration and, similarly, were perhaps only able to detect effects on intensity rather than on prevalence of infection. It also is possible that tadpoles used here may have a greater resistance to E. trivolvis cercariae than those trematode species used in other studies [4] ; thus, a greater effect on host susceptibility may be required to affect E. trivolvis infection. Additionally, although wood frog tadpoles were used in both studies, tadpoles at a slightly advanced developmental stage were used in the present investigation. Tadpoles in earlier stages of development are less resistant to echinostome trematode infection [14] , and as such, a higher concentration of atrazine may be needed to affect susceptibility to infection in later developmental stages. Finally, whereas the same concentrations of atrazine were used in both studies, the present study used a commercially available product formulated for agricultural use. Unspecified inert ingredients in the product used here may impact how atrazine affects hosts. This may be of particular interest given that in the present study, a greater number of tadpoles survived with increasing atrazine concentration.
Of particular interest is our finding that whereas host-only exposure to 30 g/L of atrazine results in an increased intensity and abundance of E. trivolvis cysts compared with the control treatment, these differences were not seen when the cercariae used to challenge tadpoles from the 30 g/L of atrazine exposure were themselves exposed to this concentration. This indicates that detrimental effects of atrazine on E. trivolvis cercariae can be just as great as those on tadpole susceptibility. It has been reported that E. trivolvis cercariae exhibited a decrease in longevity over 24 h in a solution of 200 g/L of atrazine as well as a 63 and 53% decrease in the proportion of cercariae encysting in R. clamitans (green frog) tadpoles compared to the control after exposure to 200 and 20 g/L of atrazine, respectively [10] . In the present study, the proportion of control cercariae encysting showed a 46% increase in wood frog tadpoles exposed to 30 g/L of atrazine compared to control tadpoles. If we make the assumption that tadpoles from both species show similar resistance to trematodes and that the effects of atrazine on cercariae at 20 and 30 g/L are similar, it appears that the negative effect of atrazine on susceptibility of tadpoles (46% increase in proportion encysting) is almost countered by the negative effects of atrazine on cercarial infectivity (53% decrease in proportion encysting).
These findings relate differently to previous reports of host atrazine exposure and immune function. Atrazine has a limited effect on cercariae from the family Telorchidae, with suggestions that physid snail hosts and trematode cercariae may be less affected by exposure to atrazine compared with potential tadpole hosts [18] . Additionally, high concentrations of atrazine, as well as predation risk, could affect the life history and immune function of the pond snail (Physa gyrina) [19] . The present study differs in that whereas atrazine exposure of hosts increased susceptibility to infection, consideration of effects on a parasite infective stage showed that host effects were negated through detrimental impacts on the cercariae at a specific concentration. Because the effects of atrazine appear to be trematode species-dependent [10] , further study is required to elucidate the impact of atrazine exposure on trematode infection in tadpoles in the field. Different responses by different species at various atrazine concentrations may result in variable and unexpected patterns of trematode infection. If detrimental effects for some cercariae outweigh expected increases in host susceptibility, then infection intensity or prevalence could actually decrease with increasing atrazine concentrations, whereas the opposite effect may be observed for trematode species relatively resistant to atrazine. As such, the use of trematodes and other parasites for environmental assessments [20] , particularly contaminant related, should be approached with caution. In particular, given the increase in Ribeiroia sp. infection in tadpoles exposed to environmental levels of atrazine, the effects of atrazine on these trematodes implicated in amphibian limb deformities should be examined.
Another difficulty is that atrazine likely is present in conjunction with other contaminants in the field. For example, in ponds with elevated levels of wood frog limb deformities, both atrazine and malathion, another common pesticide, have been detected [4] . Other contaminants, such as dichlorodiphenyldichloroethylene, DDT, polychlorinated biphenyls, and heavy metals, also have been found at sites where amphibians exhibit altered immune function, high levels of trematode infection, and limb malformations [21] . Possible interactions of contaminants and their effects on both hosts and trematode cercariae should be investigated.
Parasite prevalence and intensity in the field likely reflects a balance between contaminant effects on host behavior and immunity as well as contaminant effects on free-living parasite stages. The traditional host-centered approach in examining the effects of pollutants on parasite infection has been recognized as being insufficient in many instances [8, 9] , and these results emphasize the importance of considering how parasites are affected. Here, we used matched host and parasite atrazine exposure to simulate environmentally realistic conditions; however, future studies incorporating certain mismatches may be useful. For example, tadpoles of some species may be exposed initially to high atrazine concentrations, likely following spring application on fields, with levels then decreasing through the summer. Because the greatest number of cercariae in southern Ontario have been observed to be released from snails during midsummer (J. Koprivnikar, University of Toronto at Mississauga, Mississauga, ON, Canada, unpublished data), it is possible that tadpoles experiencing long-term exposure to high atrazine concentrations may be challenged by infective stages exposed to lower atrazine concentrations. Such temporal variation in atrazine concentrations may be important if, as we suggest, tadpole susceptibility is mediated via longerterm physiological responses and not shorter-term behavioral mechanisms.
Finally, it is important to note that whereas the impact of atrazine on the cercariae transmission stage was investigated here, potential effects on the stage infecting aquatic snails (miracidia) also must be considered, because miracidia survival, functional biology, and infectivity can be affected by a variety of compounds [22] . At this juncture, the most parsimonious explanation for increased susceptibility of amphibians to trematodes from polluted habitats comes from the work of Keisecker [4] . Long-term exposure to contaminants may well depress the immunity of premetamorphic amphibians but have little effect on cercariae released much later, when contaminant levels have diminished. Nonetheless, degraded (contaminated) habitats should be examined to determine the extent to which they harbor first intermediate hosts of trematodes compared to uncontaminated sites and the extent to which miracidia and cercariae released from these snails will become debilitated. Examination of the impact(s) of contaminants on multispecies interactions should take into account potential effects on all participant species at critical life-history stages; the varied effects of contaminants on parasitism in natural systems should be elucidated best by such studies.
